Introduction
Soil compaction or high bulk density of soil is important field of research due to agricultural importance. Soil compaction is the main form of soil degradation which alters the extent and configuration of the pore space. It can have adverse effects upon plants by increasing field saturated hydraulic conductivity, mechanical impedance to the growth of roots. In compacted layers, water, nutrients, and airflow towards the plant roots are also restricted. These restrictions may reduce the crop growth and, subsequently, the yield. There are various reasons associated with the increase in bulk density of arable soils classified as natural and anthropogenic. Conventional tillage practice and the use of heavy machinery and vehicular traffic on farmlands are important reasons for increasing bulk density of agricultural soil. The increasing bulk density of soil affects the dielectric properties of dry and moist soil [1, 2] . Different studies [3] [4] [5] [6] [7] predict that the dielectric parameters of soil at microwave frequencies are the function of various properties of soil such as texture, moisture, bulk density, temperature, and salinity. The physical properties of the soil like texture and structure influence the amount of pore space and the distribution of pore space within soil matrix. Thus, pore space and bulk density significantly affect the dielectric properties of the moist soil.
In the present investigations, we have determined experimentally the dielectric constant (ε ) and dielectric loss (ε ) of soil of given texture at a particular state of soil moisture content (SMC = 5.0%) and at different bulk densities varying from 1.3 to 2.0 gm/cm 3 at X-band microwave frequency. The determination of ε and ε at X band microwave frequency is an important field of research because microwave remote sensing at X-band is appropriate for the surface soil moisture studies of top layer soil. However, L-band radiometry is recognized as a technique with a significant potential for providing spatial and temporal soil moisture variations [8] . The basic observable parameter for passive microwave remote sensing is the microwave emissivity (e), which is a strong function of dielectric constant and roughness of soil. Further, the roughness of agricultural soil surfaces (RMS surface height and correlation length) lies in decimeter to millimeter range [9, 10] which are comparable to the wave length of 2 International Journal of Microwave Science and Technology X-band microwaves. Therefore, roughness of agricultural surface produces maximum effect on emission of X band microwaves. Hence, rough surface emissivity studies particularly at X-band have enormous utility. Thus, the dielectric study of soil at X-band microwave frequencies is very useful for microwave remote sensing of agricultural fields. Currently most of the passive microwave sensors on satellite platforms operated at high frequencies (>7 GHz) [11] . But, recently launched SMOS of the European Space Agency (ESA) and Aquarius and HYDROS (satellite mission of NASA) and ALOS mission by JAXA are equipped with Lband radiometers. NASA is planning to launch Soil Moisture Active Passive (SMAP) mission in 2014 that will also utilize L-band radar and radiometer.
Further, the ε and ε of the same soil samples are determined for same states of texture, SMC, and bulk densities by a semiempirical model given by Peplinski et al. [4] . This is a commonly used dielectric mixing model of soil which has the widest validity range of frequency and accounts for the important parameters of soil, including bulk density, soil texture and soil temperature. Peplinski et al. [4] have extended the dielectric mixing model of Dobson et al. [3] . Both models are identical except of the expressions of conductivity and the real part of the complex dielectric constant.
The scattering and emission behavior of a surface is governed by its geometrical and dielectric properties [12] . Hence, dielectric constant, emissivity, and backscattering coefficient of moist soil are closely related with the bulk density of the soil. The microwave emissivity of bare and smooth soil surface can be calculated by emissivity model [13] . The emissivity model is applicable for the uniform profile of temperature and dielectric constant of emissive media. At X-band microwave frequencies, the observational depth for remote sensing is not more than few centimeters, so that soil can be treated as uniform dielectric profile media. An expression for observational or penetration depth is the function of ε and ε as described [14, 15] by (1):
where δ p is penetration depth, and λ is wavelength, both in millimeter. Equation (1) is derived, using the small angle approximation and assumes uniform properties of soil with depth. At X-band microwave frequencies (λ = 3.0 cm), the observational depth is decided by the values of ε and ε of dry and moist soils. It is of the order of millimeters to few centimeters.
Variation in the bulk density of agricultural soil over a long period can be detected by comparing the periodic results of microwave remote sensing of a pixel taking into account the variations of roughness, temperature, soil moisture, and soil cover. Hence, microwave remote sensing is very useful in bulk density studies of moist soils. The objective of this study is that to investigate the effect of bulk density on the responses of radiometer because of the fact that soil physical properties affect the electrical properties.
For smooth and isotropic bare soil surfaces, estimated values of microwave emissivities by model calculations lie between 0.3 and 0.9 depending on wetness of the soil. But experimental observations carried out for emissivity of real soil surfaces using different techniques (radiometer mounted on the truck in field experiment, a radiometer in aircraft and on satellite) show that the calculated values were never less than 0.6, irrespective of the wetness of the soil [16] . Schmugge et al. [17] proposed that such high values of observed emissivity are believed to be caused primarily by the effect of surface roughness. Although many approaches have been developed to determine emissivity of the rough surface, but we have used semiempirical model developed by Choudhury et al. [18] . However, recently developed model by Wigneron et al. [19] for L-band microwave emission of the biosphere (L-MEB) provides a good accuracy (better than 5 K) over a large range of soil roughness and moisture conditions than Chaudhery approach.
Roughness of soil surface depends on the observation wavelength of electromagnetic waves and surface characteristics. The term surface roughness in microwave region refers to the microrelief of the soil surface representing a scale range from millimeters to decimeter. For smooth surfaces, geometrical variations of surface irregularities and volume discontinuities are small in comparison to wavelength of microwaves. Two important coefficients characterized the surface roughness are the RMS surface height or standard deviation of height (σ) and roughness correlation length (l). Both σ and l are statistical parameters commonly used in the description of surface roughness. Here, σ corresponds to vertical scale roughness while l corresponds to horizontal scale roughness. Behari [11] explained that the roughness parameter h may be defined by the ratio of surface RMS height (σ) and horizontal correlation length (l). According to Choudhury et al. [18] semiempirical model for comparatively smoother surfaces such as stubble, pastures, and rolled agricultural fields, a typical value of h is equal to 0.1, and for rough fields such as those recently tilled agricultural field, the possible value of h is equal to 0.5.
Experimental Procedure and Theory
The soil of local profile of Alwar (semiarid region of northwest India situated at the verge of Thar Desert at latitude and longitude 27
• 34 0 N/76 • 36 0 E) has been used for experimentation. ε and ε of soil at different bulk densities are determined by wave guide cell method. The textural composition obtained by the methods of sieving and sedimentation of the soil is: clay = 7.20%, silt = 21.50%, and sand = 71.30%, respectively. Different bulk densities of the same soil in the cell are obtained by filling the wave guide with an equal volume but a different mass of soil. In order to achieve a uniform bulk density throughout the whole wave guide, the repeated fractional filling and hammering method is used for particular set of observation. Variations in the bulk density of the soil in the cell are achieved between 1.3 and 2.0 gm/cm 3 .
The values of ε and ε at different bulk densities are determined at a single microwave frequency 9.78 GHz and at temperature 37.0
• C using Two-Point Method described elsewhere [11, 20] . The temperature is according to standard field condition of the area in summer and monsoon season. The experimental set-up, theory, and procedure are the same as used earlier by other researchers [21, 22] . The dielectric constant (real and imaginary parts) values of soil are determined using the shift in minima of the standing wave pattern formed in the slotted section of a rectangular waveguide excited in TE 10 mode. The schematic diagram of the experimental set-up is shown in Figure 1 .
In the present investigations, sample holder or dielectric cell filled with soil (column height l ε ) is assembled with the microwave bench. The standing wave pattern in the slotted section of the waveguide alters in comparison to the empty dielectric cell. Let the positions of first minima in the slotted section be displaced due to the presence of dielectric material Using Two-Point Method the real and imaginary parts of complex permittivity of soil samples are given by the following:
where G ε and B ε are the conductance and susceptance offered by the soil sample, respectively. a is the wider dimension of waveguide a = (λ c /2). λ g is guide wavelength given by (3):
where λ 0 is the free space wave length of microwave. The complex permittivity is given by the relation (4) as follows:
The admittance V ε offered by the soil sample can be given by (5) as follows:
The admittance V ε is obtained by using the values of T and τ as given by (6):
where T and τ are the radial magnitude and argument angle of the complex transcendental number. 
) ) We have obtained the values T and τ on solving the complex transcendental equation (7) given as follows:
The solution of the previous equation is available in the literature both in graphical and in tabular form. Here we have used extensive plots of these solutions as given by Von-Hippel [23] .
The complex number C − ψ is related to k, φ, Γ, and l ε by the following:
where k = 2π/λ g is the propagation constant of microwaves inside the wave guide. φ = 2k(D − D R − l ε ) is the phase difference between travelling waves when the waveguide is loaded with sample and empty. The ε and ε for bulk soil are given by Peplinski model [4] as follows:
where ε s and ε w are the dielectric constants of the soil solid and water; α is an empirical shape factor equal to 0.65; θ is the volumetric soil moisture fraction; ρ b (g cm −3 ) is soil bulk density; ρ s (≈2.66 g cm −3 ) is soil particle density. β and β are empirical texture dependent factors. ε fw and ε fw are the real and imaginary parts of dielectric constant for free water given by the Debye model [24] .
According to Klein and Swift [25] and Stogryn [26] the static dielectric constant (ε w0 ) and relaxation time (τ W ) of pure water in Debye model [24] are strongly dependent on temperature. We have used the values of static dielectric constant (ε w0 ) and the relaxation time (τ W ) at 37
• C according to Klein and Swift [25] and Stogryn [26] modification.
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By using the emissivity model [13] treating uniformity of soil subsurface temperature and dielectric profile, Kirchoff 's reciprocity theorem relates the polarized emissivity (e p ) for bare and smooth soil surfaces which can be given by.
where R p (θ) is the polarized Fresnel reflectivity derived from electromagnetic theory [27] . The horizontal and vertical components of reflectivity are given by (11) as follows:
where the symbols have their usual meanings. The Rough surface emissivity is given by a semiempirical model of Choudhury et al. [18] followed by (12) as follows:
where e and e are the rough and smooth surface emissivities, respectively and h is roughness parameter depending upon the geometrical properties of the soil surface, polarization, and frequency of the microwave.
Results and Discussion
The variations of ε and ε values of soil samples at varying bulk density (1.3 to 2.0 gm/cm 3 ) determined by experimentation and Peplinski model [4] are shown in Figure 2 . It is evident from Figure 2 that both ε and ε increase as bulk density of the soil increases. Dielectric permittivity of a material is its bulk property which defines the interaction of electromagnetic wave with material. When a dielectric media are placed in electric field, the number of induced dipoles per unit volume defines the real part of dielectric constant. In presence of oscillating electric field, these dipoles try to align themselves with the field direction. For a given value of the gravimetric moisture content, increase in the bulk density will increase the volumetric soil moisture content and thus the soil dielectric constant. Further, ε increases with bulk density of soil due to increase in rotational inertia and viscosity. Hence, there is an increasing lag between the forcing field and orientation of the dipole, resulting into more absorption power in the soil and causing enhancement in dielectric loss.
The experimental values of ε are slightly lower than those of model-predicted values, can be explained as the moisture present in the soil, and exist in two forms, bound water, and free water [7] . Dielectric constant of free water is higher than that of bound water. The Peplinski et al. [4] model considers that only free water is present in moist soil. Hence, estimated values are higher than thoses of experimental values. Further, it is evident from Figure 1 Bulk density (gm/cm 3 ) Variations of horizontal and vertical components of emissivity (e h and e ν ) with bulk density of soil for real surfaces at roughness parameters h = 0.1 and 0.5 are shown in Figures 3, 4 , 5, and 6. From Figures 3-6 it reveals that e h and e ν decrease as the bulk density (ρ b ) of the soil increases. This may be explained as the increase in bulk density leads to an increase in the soil dielectric constant resulting into an increase in the soil reflectivity (from the Fresnel equations), which eventually leads to a decrease in the emissivity. Further, the values of emissivity (e h and e ν ) of real surface at higher roughness (h = 0.5) are greater than those of smooth surface (h = 0.1). The increase in emissivity e h and e ν with surface roughness can be attributed to the increase in soil surface area that interfaces with the air and, thus, transmits the upwelling energy. This is because of the fact that the exposure area of the surface increases with increase in the roughness. Figures 3 and 4 reveal that the value of e h for any particular value of bulk density decreases as the angle of observation (θ) increases. The e h is maximum at normal incident angle (θ = 0
• ) and decreases towards grazing direction. This is because of the obliquity conditions of Fresnel relations. According to Fresnel relations, horizontal reflectivity is lowest in normal direction and increases as obliquity increases.
Hence, e h decreases as the angle of observation increases but the variations of e ν with respect to (θ) are quite different in comparison to the corresponding variations of e h . Here the e ν increases as the (θ) increases up to 60
• . This may be due to the fact that Fresnel reflectivity for vertical polarized microwaves decreases or emissivity increases up to Brewster angle, as described by Calla et al. [28] .
Conclusions
Bulk density of soil directly affects the real and imaginary parts of complex permittivity (ε and ε ). Hence, the different physical properties of soil such as soil structure, soil water (storage and movement), soil aeration, and soil strength and porosity dependent on bulk density of soil will affect the dielectric properties of the soil. Further, microwave emission from the soil surface inhibits as bulk density of soil increases and the emissivity of real surface increases as the roughness of surface increases.
